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FIG. 1. Conceptual layout of TROPO. Gray lines represent 
vacuum inputs, i.e. zero average power. 

The three equations of motion for this system are: 
«i = -(71 + iA-i)ai - 2^/Jj4jxia* 1 a s a i - ^i|ai| 2 ai 

a s ,i = -(7s, i + iA Sii )a Sii ~ fix^afa* s - 2ii 2 a. s a l a* s 

DD (i) 



where cti, a s , on are the fundamental, signal, and idler 
field amplitudes, respectively; j x and A x are respectively 
the decay rate and detuning of mode x; 7J is the decay 
rate of the fundamental coupling mirror; \i\ and 112 are 
the respective nonlinear interaction rates for SHG and 
NDOPO; and A 1 = y /P 1 /(hi>), where Pi is the pump 
power, h is Planck's constant, and v is the fundamental 
frequency. 
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We define the term = (j x + iA x ) as the effective 
decay rate of mode x. To see why, consider the case of 
a singly resonant frequency doubler (//2 = 0). Without 
loss of generality, we can assume that the pump rate, A\ , 
is real. If the detuning, Ai, is zero, then the field value, 
ax, is real. It is clear that the value of a± is limited by 
the total decay rate 71: if 71 is large then the absolute 
value of a\ will be small. Now consider non-zero detun- 
ing: the value of a\ becomes complex and is limited by 
both the decay rate, 71, and the detuning, Ai. If the 
detuning is very large, then even when the decay rate is 
very small the absolute value of a\ will be small. Thus 
the linear phase shift, iAi, introduced by detuning leads 
to a reduction of intensity, and can be said to effectively 
increase the decay rate of the cavity. 

For zero detunings, the threshold power for competi- 
tion is: 

<"^24-2Li(l + ^) 2 (2) 

where 7 = y /7 jv77 and r = y/ /ii//i2- We introduce the 
scaled power N = Pi/P^ hr . For the likely experimental 
optimum, 7 s =7t = 7i, ^1—^2, we define a minimum 
threshold power, p™ lm — h(2i/)jf/(rifii) where the cavity 
escape efficiency is 77 = 71/71. 

Obviously the threshold can be altered by changing the 
nonlinearities. Experimentally this is achieved via phase 
matching: i.e. altering the phase match in the nonlinear 
crystal by changing the orientation or temperature [Q. 
The threshold can also be altered via dispersion match- 
ing. That is, altering the laser frequency or cavity length 
so that the signal and idler modes are unable to be res- 
onant with the fundamental. This corresponds to large 
signal and idler detunings but zero fundamental detun- 
ing. The altered threshold is then described by substi- 
tuting absolute values of the effective decay rates, |7|-^|, 
for all the decay rates in equation |[ 

A detailed description of the experimental setup is 
given in p2| . In brief, the system is driven by a miniature 
diode pumped Nd:YAG ring laser (Lightwave 122) that 
produces a single mode of wavelength 1064 nm. A mode 
cleaning cavity acts as a low-pass filter to remove ex- 
cess quadrature noise (both amplitude and phase) from 
the laser beam. The output of this drives the nonlin- 
ear cavity, which is a 12.5 mm long MgO:LiNb03 mono- 
lithic crystal with dielectric mirror coatings on the curved 
end faces (R=14.24 mm). The monolith is singly reso- 
nant at the fundamental; the second harmonic executes 
a double-pass through the crystal (residual second har- 
monic transmitted through the high reflector end is re- 
ferred to as "single-pass"). The laser is locked to the 
monolith, and the mode cleaner is locked to the laser, 
via separate Pound-Drever locking schemes. The sec- 
ond harmonic is accessed via a low-loss dichroic, the re- 
flected fundamental is accessed via the Faraday isolator - 
both beams are sent to either a balanced-homodyne pair 
and/or an optical spectrum analyser. 



The obvious signature of competition in this system 
is production of nondegenerate frequency modes (when 
N>1). When the monolith is repeatedly scanned through 
resonance, these modes cause distorted cavity lineshapes. 
The frequency of the modes is measured by inspecting 
the infrared field reflected from the monolith with a spec- 
trometer. The signal & idler pair are found to be up to 31 
nm from degeneracy {i>s.i = 1033 nm,1095 nm). The non- 
degeneracy is limited by phase matching, dispersion, and 
mirror bandwidth (~ 40 nm centred at 1064 nm). Figure 
2 shows, for scanned operation |lj|, the observed thresh- 
old power (curve a) and the single-pass and double-pass 
second harmonic power (curves b & c) as a function of 
the crystal temperature. Note that the threshold curve 
has two minima: roughly corresponding to maxima in 
the double pass and single pass power, respectively. In 
the latter case, even though minimal second harmonic is 
produced, the intracavity second harmonic field is large 
enough to pump the NDOPO. 
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FIG. 2. (a) observed threshold power; (b) single-pass SH 
power (i.e. residual transmitted through high reflector) & (c) 
double-pass SH power (as shown in Fig. 1); as a function of 
crystal temperature (i.e. phase mismatch). 

In locked operation the nondegenerate modes are ob- 
served via optical spectrum analysers. Figure 3a is the 
output of the infrared optical spectrum analyser for the 
laser only. Figure 3b is the output for the locked monolith 
just above threshold: note the strong conversion to signal 
and idler. The signal and idler mode-hop irregularly the 
system operating stably for up to ten minutes at a time. 
Gross control is achieved by detuning the fundamental 
mode. As it is detuned around resonance, the effective 
decay rate of the fundamental does not change greatly 
but, due to dispersion mismatch, the effective decay rates 
of the signal and idler can become very large. This shifts 
the threshold power above the operating power and sup- 
presses the NDOPO, c.f. (j|). Finer control has been 
achieved using a cavity with tunable dispersion, for ex- 
ample a semi-monolithic design where a translatable cav- 
ity mirror is external to the MgO:LiNb03 crystal Jl9| . 
Such improvements allow for stable operation with long 
intervals between mode hops. 

Surprisingly, as the power is increased further two ex- 
tra modes in the infrared, and four extra modes in the 
visible, are seen (Figures 3c, d). To the authors' knowl- 
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edge this is the first observation of extra modes around 
the second harmonic, and it strongly supports the mech- 
anism proposed in Q of cascaded second harmonic, sum 
and difference frequency generation between the signal, 
idler and pump fields. The extra modes in the visible 
are likely generated by SFG (v + v S:i — 2v±/S.) or SHG 
(2v s _i = 2v ± 2A), whilst the extra pair in the infrared 
are from DFG with the visible modes (v + v s ^ — z/, lS = 
2zAj,i — v = v ± 2A). Further modes appear in the 
infrared field with increasing power: this system holds 
great promise both as a source of frequency tunable light 
and for frequency measurement (e.g. as a precise fre- 
quency chain). 




In curve (a) the second harmonic power is clamped at 
23 mW at a threshold power of 41 mW. This threshold 
is much higher than the observed minimum threshold, 
pmm _ mW, as the signal and idler modes see high 
cavity losses due to dispersive mismatch. In curve (b) 
the monolith is tuned towards resonance so that the ef- 
fective fundamental decay rate is lower than in curve (a), 
however the detuning increases the dispersive mismatch, 
and thus j Si i, suppressing the NDOPO and moving the 
threshold to 54 mW. 
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FIG. 3. Optical spectrum analyser outputs of the locked 
monolith. All traces are intensity versus frequency (arbitrary 
units). The small peak in the middle of the infrared traces is 
due to imperfect alignment, infrared traces (a) from laser for 
Pi =32 mW, FSR = free spectral range of the analyser; (b) 
from monolith for Pi =14 mW, note signal and idler modes; 
(c) from monolith for Pi =49 mW, note extra pair of modes; 
visible trace (d) from monolith for Pi =155 mW , the ordinate 
is logarithmic to highlight the four extra frequencies. 

Another surprising signature of competition is clamp- 
ing of the second harmonic power. From (|l]) we find that 
for Pi > P\ , the second harmonic power is: 



P 7 = h2v— 



(3) 



i.e the power is clamped to its threshold value. Above 
threshold, "excess" pump power is reflected or converted 
to signal and idler. Similar behaviour has been predicted 
for the optical limiter [jlj: a standing wave DOPO res- 
onant at v, which is single-pass pumped at 2v. The 2v 
field in both cases sees three input/output ports, however 
the clamping is due to different mechanisms: competing 
%( 2 ) nonlinearities in our system; cooperating non- 
linearities in the limiter. 

The conversion efficiency at threshold is given by 
e = P2/P\ hl . The minimum threshold, P" lm , is the point 
of maximum conversion efficiency, with a value equal to 
the cavity escape efficiency, e = 71/71 = i]. For unity cav- 
ity escape efficiency, 77 = 1, p™ m is also the impedance 
matching point of the cavity. 

Figure 4 shows experimental curves of second harmonic 
versus fundamental power for two different detunings. 



FIG. 4. Second harmonic power versus fundamental power 
curves for two different detunings, (a) & (b). The system- 
atic error bar is shown. All power measurements are NIST 
traceable with an absolute error of 7%. 

This has important consequences when designing non- 
linear optical systems. Clamping is undesirable in many 
applications, such as frequency doubling to form a high 
power light source. With the development of low dis- 
persion, efficient nonlinear cavities, clamping is expected 
to become a widely observed phenomenon. In the past 
year alone it has been observed in systems with com- 
peting SHG and NDOPO (l8[^20| and in an optical lim- 
iter formed by an OPO intracavity with a laser pl| . 
It can be suppressed via tunable dispersion, or avoided 
entirely by designing the system so that the minimum 
threshold point occurs at a power higher than maximum 
pump power. Ideally clamping shouldn't occur in many 
frequency doublers as they are optimised for maximum 
conversion efficiency, i.e. pumped at P™ ln . However in 
practice, many doublers are optimised by pumping them 
at powers above P™ m . This is done because for pow- 
ers less than p™ ln the conversion efficiency falls off very 
steeply: small variations in fundamental power lead to 
large variations in harmonic power. However above P™ ln 
the conversion efficiency falls off very slowly: the har- 
monic power is much more robust to small variations in 
the fundamental power. It is exactly this regime which 
is prone to competition. 

Naturally, competition also has quantum signatures. 
It has been suggested that, as the vacuum modes at v 8 ^ 
are correlated by the NDOPO for N<1, then competition 
could be observed as squeezing of the reflected pump field 
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FIG. 5. 



Theoretical squeezing spectra for the case 
. (a) N = 1.001 (b) N = 1.25 and (c) N = 3. 
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FIG. 6. (a) Squeezing spectra, (a) Without competition, 
Pi = 74 mW (b) With competition, Pi = 60 mW. 



Figures 6a shows the experimentally observed squeez- 
ing in the absence of competition, which is suppressed via 
detuning as discussed earlier. Below 6 MHz the squeez- 
ing degrades due to laser pump noise [E2j, above 6 MHz 
the squeezing is as expected from theory with = 1. 
The spikes at 17 and 27 MHz are from the locking sig- 
nals. With competition, and at a lower pump power, the 
spectrum changes to that shown in Figure 6b. As pre- 
dicted, there is considerable excess noise at low frequen- 
cies, whilst the degradation at higher frequencies is more 
gradual. The excess noise at low frequencies is greater 
than that shown in Fig. 5 due to presence of numer- 
ous, overlapping, noise spikes. The spikes are due to a 



locking instability in the modecleaner which is driven by 
competing locking signals. It is clear that even a small 
amount of \ 2 competition leads to a marked degradation 
in the squeezing. This previously unexpected limit to 
squeezing can only be avoided by designing the system 
so that competition is suppressed when the pump power 
is greater than the maximum conversion efficiency power. 
One solution is a cavity with such high dispersion that 
the signal and idler modes are unable to become simul- 
taneously resonant with the fundamental: high second 



harmonic squeezing has been seen in such a system 29 



In conclusion, competition between SHG and NDOPO 
in a monolithic cavity has been observed to cause gen- 
eration of new frequencies in both the visible and in- 
frared fields, clamping of the second harmonic power, and 
degradation of the second harmonic squeezing. Compe- 
tition imposes a previously unsuspected limit to squeez- 
ing and power generation. The reported signatures are 
expected to be commonly observed in efficient, low dis- 
persion systems, unless explicit steps are taken to avoid 
competition. 
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